This paper presents the directed sedimentation of suspension particles in a thin layer of liquid ( 1 mm) onto a featureless glass substrate by Marangoni flows. A programmable 16 × 8 array of surface mount resistors suspended 0.1-2 mm above the liquid provides dynamic millimeter-sized heat sources to locally heat the liquid surface to temperatures from approximately 28.5 to 36.5
Introduction
Low cost diagnostic systems that offer high sensitivity and quick response are increasingly important for healthcare monitoring [1, 2] and environmental monitoring [3] . Such systems utilize microfluidic technologies to manipulate particles or liquids. Often, particle trapping, separation and deposition are necessary to increase the concentration level of the particles so that detection and accurate analysis are possible.
As these systems progressively decrease in size, surface phenomena become more dominant and play important roles in microfluidic applications, influencing particle transport, trapping, mixing, reaction and separation. The Marangoni effect develops as a result of surface tension variations at the liquid/gas interface caused either by a temperature gradient or concentration gradient in the liquid, and is an example of a surface phenomenon. This phenomenon is known to be responsible for many common occurrences, such as the 'tears of wine' [4] and superspreading of solution [5] . In several industrial processes such as the floating-zone process for crystal growth, the Marangoni effect also plays a critical role [6] . As a result, the Marangoni effect has been studied extensively [7] [8] [9] [10] [11] [12] [13] . Factors which influence Marangoni flow such as presence of turbulence [14] and liquid depth [15] have also been investigated.
The Marangoni effect, when induced by a temperature gradient, is also known as thermocapillarity. It is considered as a form of thermophoresis when the liquid flow and corresponding particle movement are induced by such a temperature gradient [16, 17] . When temperature variation is imposed on a liquid surface, surface tension gradient develops at the liquid surface. This results in liquid motion along the liquid/gas interface, and flow in the opposite direction in the bulk liquid. Such liquid motion is referred to as Marangoni flow. Marangoni force has been utilized for transporting nanoliter amounts of liquids over a large area [18] , and droplet displacement and switching in a bifurcating microfluidic channel [19] . One method to generate Marangoni flow is to subject a liquid surface to a micrometer scale temperature source suspended above the liquid. Different shapes of heat sources in the micrometer range have been utilized to generate flows capable of manipulating micro particles and droplets [20] . Marangoni flow has also been employed to perform droplet actuation by programmable manipulation using a 128 pixel heater array suspended 0.1-2 mm above the liquid surface [21] . This paper 1 describes the investigation of the directed sedimentation of suspension particles in a liquid onto a featureless glass substrate by Marangoni flows using this 128 pixel heater array. Figure 1(a) shows the crosssection of a 3D schematic diagram of particle sedimentation by Marangoni cells and part of the heater array suspended above the liquid. By activating a particular heater in the heater array, a temperature gradient is created on the surface of a thin liquid layer directly below the heater. This results in surface tension gradient, which generates Marangoni flows capable of directing particles to accumulate at desired locations on a blank glass substrate in a contactless manner. The Marangoni sedimentation technique reduces the need for costly fabrication processes and allows spatially localized particle sedimentation to be performed on any substrate.
Section II presents the theoretical and simulation modeling of Marangoni flow in a bulk liquid induced by a millimeter-sized heat source in close proximity to the liquid surface.
Section III describes the experimental results, showing the various sedimentation patterns formed by different conditions. The discussion and conclusion are presented in section IV.
Theoretical modeling
The heat generated from the heat source travels through the air gap and increases the liquid surface temperature directly below the heat source in a spatially localized manner. A temperature gradient is created at the liquid surface, resulting in a surface tension gradient. The corresponding thermocapillary shear stress, τ s , is proportional to the temperature gradient, ∇T s [23, 24] :
In this equation, μ is the dynamic viscosity of the liquid, − → u s is the tangential surface velocity vector, − → N is the surface normal vector and σ T = ∂σ ∂T is the surface tension temperature coefficient. As the direction of the shear stress and liquid flow are from a region of low surface tension (high temperature) to that of a high surface tension (low temperature), Marangoni flow at the surface of the liquid is directed away from the heat source. This produces subsurface flows toward the heat source in the bulk liquid. The surface and subsurface flows together form the Marangoni cell, transporting suspended particles in a toroidal pattern. This phenomenon is depicted by figure 1(a) .
A 3D simulation model is created using COMSOL Multiphysics R 3.5a; it includes the heater array and its 1 Portions of this paper have appeared in conference abstract form in [22] . supporting printed circuit board (PCB), the air gap, and the liquid on the glass substrate as shown in figure 1(b) . Power is supplied to the heater to achieve localized temperature elevation of ≈7 • C on the liquid surface. The liquid is assumed to be 1 mm deep silicone oil DC-704 (Dow Corning Corporation, Midland, MI) with properties summarized in table 1 [25] . Air is a relatively poor conductor of heat, with a low thermal conductivity of 0.025 W m −1 K −1 . When the air gap between the heater and the liquid surface is 700 μm, the liquid surface temperature increase of 6.9
• C is obtained for a power level of 600 mW, which elevates the surface of the resistor to 120
• C (this has been experimentally verified by measurements with a thermocouple as well as an infrared (IR) thermometer). Such temperature elevation can be achieved with a power of 150 and 80 mW when the air gap is reduced to 100 and 10 μm, respectively. Assuming that the sides of the liquid are at ambient temperature of 27
• C, a temperature gradient and surface tension gradient develop at the surface. In thin layers of liquids, the dominant driving force is the Marangoni effect, while buoyancy force and other bulk phenomena are smaller. In figure 1(b) , the arrows show the resulting Marangoni surface and subsurface flows in silicone oil DC-704. Simulation results also show that the surface temperature of the liquid immediately below the resistor rises 
proportionately as the heater temperature is increased or the air gap is decreased. The particle velocity is the greatest at the liquid/gas interface, and drops toward the sides and bottom of the liquid. The subsurface flows of the Marangoni cells are able to create sweeping actions on the substrate which result in particles close to the glass substrate being transported across the substrate, localizing the sedimentation below the heat source where the subsurface radial flow converges and rises to the surface. This final location of the particles is independent of whether the sedimentation of the particles upon the substrate is caused by gravitational forces or particle-substrate interaction.
The type of liquid used in the experiment can also affect the resultant particle velocity, and hence the particle collection. Three kinds of liquids are used in this work, namely silicone oil DC-550 [26] , silicone oil DC-704 [25] 
k γ is the Eötvös constant, and the value is 2.1 × 10
mol −2/3 for most liquids; V m is the molar volume of the liquid, which is obtained by dividing the molar mass of the liquid by its density. The molar volume of silicone oil DC-550 is not known, and its surface tension temperature coefficient is estimated from a similar liquid.
The particles used in this work are = 25 μm weed pollen from Kochia scoparia (Sigma-Aldrich, St Louis, MO) [29] . Small, spherical particles reach a terminal or settling velocity due to gravitational force. The settling velocity, V t , is given by Stokes' equation:
where r is the radius of the particle, g is the gravitational acceleration, ρ s is the density of a particle and ρ f is the density of the liquid. Even though every pollen particle is not perfectly spherical, this equation provides a reasonably accurate approximation of the settling rate [30] . Because of pollen grouping, natural differences among pollen particles, the existence of air molecules and variations in the water retention within the pollen, settling velocities of weed pollen vary widely [30, 31] .
Experimental results
A 16 × 8 heater array is used to generate Marangoni flows in a thin layer of liquid, typically less than a millimeter deep. The heater array consists of 100 #0603 surface mount resistors, each of size 1 × 0.8 × 0.35 mm 3 placed at 1.9 mm pitch on a PCB. Each resistor can be switched on and off independently via a user interface written in LabView (National Instruments, Austin, TX). The range of the heater power used is usually less than 1.3 W. A complete description of the design, fabrication and electrical circuitry of the heater array is given by Basu et al [21] .
Figure 1(a) shows the 3D schematic diagram of the experimental setup. The weed pollen particles are mixed homogeneously in a carrier liquid. The experiments are performed on 100 μl samples. The depth of the liquid mixture is in the range of 500-1000 μm; the heater array with the resistors is suspended 700 ± 100 μm above the liquid surface. The heating is initiated immediately after the introduction of the suspension onto the substrate, so that most of the particles are still in suspension within the liquid and do not have sufficient time to settle onto the glass substrate. The results are visualized using an inverted camera located under the glass substrate. The programmable heater array produces various sedimentation patterns.
Experimentally measured temperatures of a single active heater at different powers are shown in figure 2. Power is supplied to a resistor for about 1 min before temperature measurement so that the resistor has sufficient time to reach thermal equilibrium. The range of the power applied to the heater is 0.15-0.6 W. Based on simulation results, this provides liquid surface temperatures of 28.5 to 34.0
• C below the heater at the 700 μm separation in silicone oil DC-704. To ensure accuracy, the temperature of the suspended heaters is measured using two methods-a thermocouple (Omega Engineering Inc., Stamford, CT) and an IR thermometer (Optris LS, Micro-Epsilon Optris, Berlin, Germany). The temperature readings obtained by the two instruments are consistent, and the measured temperatures vary linearly with power within this range. The simulated liquid surface temperature rise directly below the active heater is also shown. Figure 3 shows the sedimentation pattern resulting from an estimated liquid surface temperature of 28.5
• C directly below the heater. The sample was prepared with 5 mg of weed pollen homogeneously mixed into 1 ml of silicone oil DC-704. The weed pollen was randomly distributed in the liquid at the start of the experiment. When the center heater is initially activated, particle velocities are low, and particles distant from the central axis of the active heater tend to settle on the substrate according to the settling rate in Figure 2 . Temperature of a heater surface at various heater powers measured using a thermocouple and an infrared (IR) thermometer, and the resultant liquid surface temperature rise directly below the heater in silicone oil DC-704 obtained by simulation.
equation (3) . There is insignificant change in the distribution of particles during the first 3 min of the experiment. After about 3 min 30 s, particle movement is no longer observed. All the particles have settled onto the glass substrate, and despite the presence of the heat source, the particles remain stationary. No accumulation occurs as shown in figure 3(a) . At the end of the experiment, the suspended heater array is raised but the liquid is not removed. The estimated number of particles below the left inactive heater, center active heater and right inactive heater per 200 × 200 μm 2 in the first 4 min is shown in the graph of figure 3(b) . It shows that the number of particles fluctuates and remains roughly constant over the time period despite temperature gradient developed at the liquid surface. Figure 4 shows the temporal sequence of particle sedimentation starting with random distribution of weed pollen immersed in silicone oil DC-704 in figure 4(a) . The same sample as that in figure 3 is used, with an estimated liquid surface temperature of 34.0
• C. The accumulation begins to form 2 min after the start of the experiment. The deposit below the active heater after 2 min is shown in figure 4(b) . Continued sedimentation in the next 8 min results in a pattern as seen in figure 4(c) . The size of accumulation grows over time. The power was supplied for approximately 20 min until all particles that could be transported are localized to a region directly below the heat source. The final pattern is shown in figure 4(d) . The deposit is largely concentrated in a region approximately 2.2 mm wide on its longer side, covering an area of 2.9 mm 2 centered directly below the active heater. Some particles that randomly settle onto the glass substrate are not moved by the Marangoni cells.
The estimated pollen count directly under the center of the active heater and adjacent left and right inactive heaters per 200 × 200 μm 2 is plotted for the initial 90 s of the experiment in figure 4(e) . The high rate of sedimentation beneath the active heater is evident. The count was terminated at 90 s because manual counting became impractical. The numbers of particles below the left and right inactive heaters fluctuate depending on whether the random particles moving toward and away from the heat source come into the specified region where the count is taken. It can be observed from the graph that these numbers are generally constant and do not increase with time, showing that accumulation occurs only in the liquid region directly under an active heater. The sedimentation pattern and accumulation level can be easily controlled. By activating different numbers of heaters simultaneously, different patterns and amount of collected particles can be attained, as shown in figure 5 . Each heater is supplied with 0.6 W, resulting in an estimated liquid surface temperature of 34.2 or 36.4
• C beneath the centroid when two or four heaters are activated, respectively. The test sample is the same as for figures 3 and 4. The yellow rectangles in figure 5 identify the locations of the active heaters. More particles are collected when more heaters are active with the same initial concentration of suspension particles, and the accumulation covers a larger area. In figure 5(b) , the deposit is concentrated in a region about 4 mm wide on its longer side, covering an approximate area of 7.9 mm 2 centered between the four heaters.
The type of liquid used also affects sedimentation. Surface and subsurface flow velocities vary in different liquids such as silicone oil DC-550, silicone oil DC-704 and electronic liquid FC-3283. In this set of experiments, the three different liquids are used, and the concentration of the particles in each liquid is kept constant. Each experiment is run for about 20 min except that involving electronic liquid FC-3283. One heater is activated at a power of 0.6 W. Figure 6(a) shows the resultant sedimentation in silicone oil DC-550. In this liquid, the liquid surface temperature below the heater is estimated to be 35.5
• C. Particle collection is limited to a small area of 1.3 mm 2 below the heater, and the final pattern seems scattered. Figure 6 (b) shows particle sedimentation in silicone oil DC-704. In this liquid, more particles are collected from a larger area and form a more focused pattern. In electronic liquid FC-3283, the liquid surface temperature is estimated to be 29.7
• C. Particles easily settle onto the glass substrate, and those that remain suspended move at a very high speed away from the heat source. No accumulation occurs as shown in figure 6 (c).
Discussion and conclusion
In order to spatially localize a sedimentation, sufficient temperature gradient at the liquid surface must be achieved to generate Marangoni flows. This can be done by activating a single heater or multiple heaters to create temperature elevations at the liquid surface. A collection with a larger area and higher concentration of particles is formed when a greater amount of particles are accumulated by the Marangoni cells. From equation (1), it is evident that higher temperature gradients at the liquid surface and lower viscosities produce higher flow velocities. Marangoni cells with high enough surface and subsurface velocities have the ability to transport particles from a larger area to form a bigger accumulation directly below the active heater(s). Comparing the two silicone oils, silicone oil DC-550 has surface tension temperature coefficient approximately twice that of silicone oil DC-704, and viscosity about three times that of silicone oil DC-704. The lower particle velocities in silicone oil DC-550 cause some particles transported by Marangoni cells to settle on the glass substrate before they come to a region below the active heater, so that the final pattern is not as focused as that obtained by silicone oil DC-704. The electronic liquid FC-3283 has absolute viscosity two to three orders of magnitude lower; its thermal conductivity is also one order of magnitude lower than those of silicone oils. This favors the formation of a higher temperature gradient (the peak temperature gradient is 37 K mm −1 on the surface, about twice that of the silicone oils) and flow velocities in this liquid. When suspended particles move at high velocities away from the heat source and come in contact with the boundaries used to contain the liquid, some of these particles remain at the boundaries and are not recirculated by the subsurface flows to a region below the active heater. Different liquids also have different vapor pressures and thus evaporation rates, which may influence the final patterns of sedimentation. Although the vapor pressure of the electronic liquid FC-3283 is much higher than those of the silicone oils, the evaporative effects of the fluorinated liquid on sedimentation are not evident. The volume fraction of evaporation in the duration of one experiment is <10%. Effects of evaporation become apparent when a liquid having higher vapor pressure is used. Acetone, for example, has a vapor pressure one order higher than that of FC-3283. The high evaporation rate of acetone limits the formation of Marangoni cells as the experiment progresses, and particles are randomly deposited on the glass substrate as the liquid evaporates. The use of the 16 × 8 heater array allows different configurations of active heaters to be used for different sedimentation patterns. When four corner heaters of a 3 × 3 pixel array are activated, the final sedimentation on the glass substrate covers an area of approximately 28 mm 2 in silicone oil DC-704. The sedimentation is not as focused as that obtained by the 2 × 2 pixel configuration shown in figure 5(b) , because the deposited particles are now spread over a larger area. Activating four corner heaters of a 4 × 3 pixel array produces an even more scattered rectangularshaped sedimentation covering an area of about 32 mm 2 in silicone oil DC-704, with higher counts of particles at the four corners of the rectangular pattern.
It is worthwhile to compare the Marangoni forces that were utilized for particle collection in this effort, with some of the other approaches that have been reported. For example, thermophoresis is a method that uses temperature gradient to move particles. This method has been reported to form twodimensional colloidal crystals [32] . Although it is conceivable that thermophoretic forces may contribute to some extent to particle arrangements in the experiments described in the preceding section, the contribution is likely to be minor. Based on the particle transportation velocity, the Marangoni forces are on the order of 10 −8 N, whereas thermophoretic forces are on the order of 10 −10 N. This estimate uses Stokes' drag equation; particle velocities for Marangoni flow and thermophoresis are on the order of 1 mm s −1 and 10 μm s −1 [33] , respectively. One of the most widely explored methods for particle manipulation in microfluidic systems is dielectrophoresis (DEP) [34] [35] [36] . This method uses non-uniform electric fields applied to polarizable particles that are immersed in nonconductive liquid having polarization characteristics different from those of the particles. Typical utilization involves electrical lead transfer to electrodes that are located on the microfluidic chip. Typical forces that have been reported for DEP structures are in the range of 10 −12 to 10 −10 N [37] . Hence, the Marangoni technique is potentially a complementary technique to others that have been explored for use in microanalytical systems.
In conclusion, this study shows that a millimeter-sized heat source is able to generate Marangoni cells in the liquid films for the purpose of spatially localized sedimentation of small suspension particles such as weed pollen. Various sedimentation patterns can be produced on a blank substrate by a suspended 2D heater array, which is able to impose different temperature profiles on the liquid surface and consequently alter the surface and subsurface flows. Among the three liquids used, silicone oil DC-704 shows to be the best carrier liquid to obtain a focused sedimentation of the weed pollen. A localized sedimentation of area 2.9 mm 2 directly below the heater is obtained when a single heater is activated to generate a liquid surface temperature rise of 6.9
• C in 1 mm deep silicone oil DC-704. When four heaters are activated, the area of the sedimentation obtained is about 7.9 mm 2 . Because this is a non-contact technique, the problem of contamination is eliminated. This method of directed deposition may have potential applications in environmental science and biology if temperature elevation is not a critical issue in the sedimentation process.
